A number of approaches have been used t o e v a l u a t e s u b -a x i a l magmatic plunbinq systems including 1 ) analyses of h e a t f l o w , 2 ) d e t e r m i n a t i o n of r i d g e s t r u c t u r e u s i n g seismic r e f r a c t r o n and m u l t i -c h a n n e l r e f l e c t i o n t e c h n i q u e s , 3 ) p e t r o l o g i c s t u d i e s of t h e e r u p t e d l a v a s t o d e t e r m l n e t h e e x t e n t of d i f f e r e n t l a t i o n and mixinq t h e magnas u n d e r w e n t p r i o r t o e r u p t l o n , and 4 ) p h o t o g e o l o g i c i n t e r p r e t a t l o n of t h e a x i s t o d e c i p h e r t h e v o l c a n i c a n a t e c t o n i c h i s t o r y of s e l e c t e d s e g m e n t s of t h e r i d g e .
Geological Survey The d i s c o v e r y of a c t i v e s u l f i d e -d e p o s i t i n q hydrothermal vents on o c e a n i c s p r e a d i n g c e n t e r s h a s l e d t o renewed i n t e r e s t I n t h e magmatic plumblng s y s t e m s t h a t d r i v e h y d r o t h e r m a l s y s t e m s .
A number of approaches have been used t o e v a l u a t e s u b -a x i a l magmatic plunbinq systems including 1 ) analyses of h e a t f l o w , 2 ) d e t e r m i n a t i o n of r i d g e s t r u c t u r e u s i n g seismic r e f r a c t r o n and m u l t i -c h a n n e l r e f l e c t i o n t e c h n i q u e s , 3 ) p e t r o l o g i c s t u d i e s of t h e e r u p t e d l a v a s t o d e t e r m l n e t h e e x t e n t of d i f f e r e n t l a t i o n and mixinq t h e magnas u n d e r w e n t p r i o r t o e r u p t l o n , and 4 ) p h o t o g e o l o g i c i n t e r p r e t a t l o n of t h e a x i s t o d e c i p h e r t h e v o l c a n i c a n a t e c t o n i c h i s t o r y of s e l e c t e d s e g m e n t s of t h e r i d g e .
The l a s t a p p r o a c h h a s b e n e f i t t e d g r e a t l y from comparative studies on s u b a e r i a l volcanoes and is tkke t o p i c of t h i s p a p e r . A l t h o u g h , s u b m a r i n e a n d s u b a e r i a l v o l c a n o e s d i f f e r i n some r e s p e c t s , t h e y a r e s i m i l a r i n many o t h e r s . i l e c e n t s t u d i e s of s u b a e r i a l v o l c a n o e s h a v e f o c u s s e d on e r u p t i o n p a t t e r n s .
The f r e q u e n c y , s i z e s and l o c a t i o n s of e r u p t i o n s p r o v i d e c l u e s t o t h e l o c a t i o n , s i z e , and s t a t e of t h e magma sources and the plumbing systems t h a t d e l i v e r magma t o t h e s u r f a c e . E r u p t i o n p a t t e r n s c a n a l s o show how magma systems respond t o p e r t u r b a t i o n a r i s i n g f r o m t e c t o n i s m a n d o t h e r p r o c e s s e s . I t i s o u r aim h e r e t o show how e r u p t i o n p a t t e r n s c a n be used t o s t u d y t h e v o l c a n i s m a l o n q submarine r i f t zones.
Our d i s c u s s i o n i s based on a n a l o g i e s w i t h s u b a e r i a l v o l c a n o e s .
I n o r d e r t o s t u d y e r u p t i o n p a t t e r n s , we need f i r s t a h i s t o r y of e r u p t i o n s . For volcanoes where an e y e w i t n e s s r e c o r d is n o t a v a i l a b l e , t h r s h i s t o r y must be c o n s t r u c t e d from geoloqic mappinq of t h e e r u p t i o n p r o d u c t s a n d d e t e r m i n a t i o n of t h e i r a g e . I t i s h e l p f u l i f we c a n c l a s s i f y t h e e r u p t i o n p r o d u c t s i n a way t h a t d i s t i n g u i s h e s t h e b e h a v i o r o f one e r u p t i o n from another. This ty,p of g e o l o q i c a n a l y s i s c a n b e I l l u s t r a t e d u s i n g K i l a u e a v o l c a n o , a w e l l -s t u d i e d s u b a e r i a l v o l c a n o i n H a w a i i . Kllauea a r l f t e d s u b a e r i a l v o l c a n o . K i l a u e a i s t h e youngest of f i v e l a r g e s h i e l d v o l c a n o e s c o m p r i s i n g t h e i s l a n d of Hawaii ( F i g u r e 1 ) . The emerged p a r t of Kilauea i s t h e t o p o f a broad, dome-like ridge rising more t h a n 6 km from the ocean floor and about 1200 m above sea level. Although eyewitness accounts of e r u p t i o n s a t Kilauea go back only 200 y e a r s , t h e volcano has had a l o n g h i s t o r y of f r e q u e n t e r u p t i o n s .
Recent mappinq has shown t h a t 70% of K i l a u e a ' s s u b a e r i a l s u r f a c e is younger than 500 years, 90% Younger than 1000 years (Figure 
7-41.
Although the frequency and volume of e r u p t i o n s have remained r o u g h l y c o n s t a n t on t h e v o l c a n o as a whole through i t s l i f e , t h e l o c u s of a c t i v i t y h a s s h i f t e d i n r e s p o n s e t o s t r u c t u r a l c h a n g e s i n t h e v o l c a n i c e d i f i c e .
The s u r f a c e o f K i l a u e a i s broken by many f r a c t u r e s ( F i g u r e 2 B ) , which d e f i n e f i v e s t r u c t u r a l r e g i o n s ( F i g u r e 2C):
a summit p l a t e a u i n d e n t e d by a c a l d e r a , t w o r i f t zones extending away from t h e c a l d e r a and along the a x i s o f t h e v o l c a n i c r i d g e , a n u n f r a c t u r e d n o r t h f l a n k b u t t r e s s e d by K i l a u e a ' s neighbor Mauna Loa, and a f r e e s o u t h f l a n k t h a t i s moving seaward.
The r i f t zones owe t h e i r o r i g i n t o g r a v i t a t i o n a l s p r e a d i n g of t h e r i d g e ( F i s k e a n d Jackson, 1972) .
The movement o f t h e f r e e f l a n k i s p r o b a b l y f a c i l i t a t e d by s l i d i n g of t h e v o l c a n i c e d i f i c e o v e r a n u n d e r l y i n g l a y e r of deep-sea sediments (Nakamura, 1982) . i n t e r v a l s of c a l d e r a c o l l a p s e and f i l l i n g . The most
-__
The summit region has undergone repeated A 50 km F i g u r e 1 . Map of Hawaii showing the five Volcanoes t h a t make up t h e i s l a n d . The heavy s t i p p l i n a shows t h e s u b a e r i a l r i f t zones of Kilauea and IQuna Loa volcanoes. The submarine portion of t h e K i l a u e a e a s t r i f t is the pronounced ridqe extendinq more than 50 km t o t h e n o r t h e a s t from the eaStenmOSt t i p of Hawaii. Flqure from Fiske and Jackson ( 1972) . (Holcoub, 1981 ) .
Each t i m e e x p l o s i v e e r u p t i o n s f o l l o w e d a n d p r o d u c e d e x t e n s i v e s h e e t s of p y r o c l a s t i c m a t e r i a l . S i m i l a r p y r o c l a s t i c l a y e r s exposed i n t h e f a u l t s c a r p s of t h e s o u t h f l a n k s u g g e s t t h a t many more c o l l a p s e s h a v e o c c u r r e d w i t h i n r o u g h l y t h e p a s t
40,000 years (Easton. 1978).
The r i f t zones are covered by lava flows of v a r l o u s a g e s ( F i g u r e 3 ) .
The o l d e r f l o w s a r e b r o k e n r i f t s t r u c t u r e s , a n d d a t i n q of t h e l a v a s h a s shown t h a t b o t h r i f t i n g and e r u p t i o n s are e p i s o d i c . When s h o r t segments of t h e r i f t zone are c o n s l d e r e d i n d i v i d u a l l y , t h e t i m i n g of t h e e p i s o d e s h a s no p a r t i c u l a r s i g n i f i c a n c e , b u t when examined c o l l e c t i v e l y t h e e p i s o d e s f o r m p a t t e r n s of a c t i v i t y m i q r a t i n q a l o n g t h e r i f t zones. T h e s e p a t t e r n s a r e a c c e n t e d when t h e e r u p t i o n s a r e c l a s s i f i e d a c c o r d i n g t o d i f f e r e n c e s i n b e h a v i o r a n d e r u p t i v e p r o d u c t s .
A b e h a v i o r a l f e a t u r e of an e r u p t i o n t h a t is e a s i l y c l a s s i f i e d is i t s d u r a t i o n ; e r u p t i o n s d i f f e r i n g i n d u r a t i o n p r o d u c e l a v a f l o w s d i f f e r i n g i n s u r f a c e morphology. Brief eruptions produce unchannelized pahoehoe near their vents and aa f a r t h e r away. E r u p t i o n s of l o n g e r d u r a t i o n p r o d u c e h i g h l y c h a n n e l i z e d l a v a f l o w s f e d by l a v a t u b e s . Mapping of t h e s e d i f f e r e n t f l o w t y p e s o v e r K i l a u e a shows t h a t d i f f e r e n t p a r t s o f t h e v o l c a n o e x p e r i e n c e d i f f e r e n t k i n d s of e r u p t i o n s , and t h a t any one area h a s d i f f e r e n t k i n d s o f e r u p t i o n s a t d i f f e r e n t times.
summit and b r i e f n e a r t h e f a r e n d s of t h e r i f t zones.
Between these extremes, along the middle and upper segments of t h e r i f t s , e r u p t i o n s a r e e i t h e r b r i e f o r s u s t a i n e d ; c h a r a c t e r i s t i c a l l y a n i n t e r v a l of l o n g q u i e s c e n c e is broken by a f l u r r y o f b r i e f e r u p t i o n s and then by s u s t a i n e d a c t i v i t y . I n t e r v a l s of l o n g a n d s t a b l e e r u p t i o n a t the summit are accompanied by dormancy along the r i f t zones, and summit a c t i v i t y wanes when the r i f t zones become a c t i v e .
I n g e n e r a l , e r u p t i o n s a r e l o n g -l i v e d n e a r t h e 
.
Map of Kilauea volcano showing eruptive and n o n -e r u p t i v e f i s s u r e s , craters, and f a u l t s .
C.
Map of Kilauea volcano showing the five m a j o r s t r u c t u r a l r e g i o n s of t h e v o l c a n o :
t h e n o r t h and s o u t h f l a n k s , t h e summit, and m i g r a t i n g back and f o r t h between the summit and r i f t zones over intervals of decades and centuries.
I t a l s o a p p e a r s t o be s y n c h r o n i z e d w i t h s t r u c t u r a l d e v e l o p m e n t s s u c h a s c a l d e r a c o l l a p s e and slumpinq movement of t h e u n b u t t r e s s e d s o u t h f l a n k .
by K i l a u e a ' s e r u p t i o n s d u r i n g t h e p a s t 400 y e a r s (Holcomb, 1981 1. A t the beginninq of t h i s i n t e r v a l , summit a c t i v i t y had been dominat f o r a long time, s u c h t h a t t h e c a l d e r a had been f i l l e d and b u r i e d beneath a c l u s t e r of l a v a s h i e l d s . D u r i n q t h e 1 7 0 0 ' s , however, this summit a c t i v i t y waned, and e r u p t i o n s became f r e q u e n t a l o n g t h e r i f t z o n e s . E a r l y i n t h a t c e n t u r y , f o l l o w i n g t h e l a s t s u s t a i n e d e r u p t i o n a t t h e summit, K i l a u e a ' s east r i f t zone was re-broken and d i l a t e d by an e p i s o d e of r i f t i n g . The e r u p t i o n s t h a t followed from the east r i f t zone were b r i e f a t f i r s t , b u t i n a b o u t AD1750 a s u s t a i n e d e r u p t i o n o c c u r r e d f r o m a v e n t a t l o w e l e v a t i o n a l o n g t h e lower s u b a e r i a l segment of t h e r i f t zone. Other eruptions followed, i n c l u d i n g a n e s p e c i a l l y l a r g e series a t low e l e v a t i o n i n a b o u t AD 1790. Then i n 1790 a l a r g e e
x p l o s i v e e r u p t i o n a s s o c i a t e d w i t h summit c o l l a p s e d e p o s i t e d a t h i c k l a y e r of t e p h r a a r o u n d t h e r e j u v e n a t e d c a l d e r a . T h e r e f o l l o w e d a c e n t u r y of continuous e r u p t i o n w i t h i n the c a l d e r a b u t h a r d l y a n y a c t i v i t y a t a l l a l o n g t h e r i f t z o n e s . I n
1924 the p a t t e r n c h a n g e d a g a i n a f t e r minor c o l l a p s e and explosions a t the summit t h a t a p p a r e n t l y f o l l o w e d a submarine e r u p t i o n . S i n c e t h a t time, summit eruptions have been r e l a t i v e l y i n f r e q u e n t and b r i e f . E a s t r i f t e r u p t i o n s h a v e i n c r e a s e d i n frequency since 1955, and one e r u p t i o n f r o m t h e u p p e r p a r t of t h e r i f t z o n e continued with l i t t l e i n t e r r u p t i o n f o r n e a r l y s i x y e a r s . An e p i s o d e of flank slumping in 1975 w a s followed by a s h o r t i n t e r v a l of dormancy, b u t the e r u p t i o n f r e q u e n c y h a s i n c r e a s e d a q a i n a n d may be l e a d i n g t o a
n o t h e r i n t e r v a l of s u s t a i n e d a c t i v i t y , t h i s time a l o n g t h e m i d d l e p a r t of t h e s u b a e r i a l e a s t r i f t zone. The frequency and d u r a t i o n of e r u p t i o n s are thouqht to depend upon t h e amount of maqma s t o r e d a t s h a l l o w l e v e l s and the d e g r e e of c o n t i n u i t y e x i s t i n g withln the plumbing system. If there is l i t t l e maqma and the r e s e r v o i r s a r e p o o r l y c o n n e c t e d , t h e e r u p t i o n s
w l l l be i n f r e q u e n t and b r i e f .
But i f t h e r e i s much magma i n w e l l -c o n n e c t e d r e s e r v o i r s , t h e e r u p t i o n s w i l l be freqeunt and sustained. Long-term changes in e r u p t i v e b e h a v i o r t h e r e f o r e r e f l e c t c h a n q e s i n t h e volcano's plumblng system. v e r t i c a l l y and h o r i z o n t a l l y t o t h e summit and r l f t z o n e s . Most v e r t i c a l t r a n s p o r t o c c u r s b e n e a t h t h e summit where a d e e p c o n d u i t b r l n g s magma up from a t l e a s t t h e lokrer l l t h o s p h e r e i n t o a s h a l l o w r e s e r v o l r system within the volcano.
From t h i s r e s e r v o i r s y s t e m , t h e s h a l l o w p l u m b i n g d i s t r i b u t e s t h e magma t o t h e summit and r i f t zones. The path taken by a b a t c h of magma depends upon the h y d r o s t a t i c p r e s s u r e a n d f r i c t i o n e x i s t l n g w i t h i n d r f f e r e n t p a r t s of t h e plumbrng system. Evolution of 'he plumbing system may e x p l a i n l o n g -t e r m e r u p t i v e c h a n g e s . A model of the magmatic plumbing system t o e x p l a i n t h e c h a n g e s i n e r u p t i v e p a t t e r n s through time and space.
Model is d i s c u s s e d i n t e x t . K i l a u e a is p r e s e n t l y i n t h e t h i r d phase with infrequent summit eruptions and s u s t a i n e d r i f t e r u p t i o n s . 
o u t h f l a n k a n d s p r e a d i n g of t h e r i f t z o n e s . The r e l a t i o n s h i p b e t w e e n c a l d e r a c o l l a p s e a n d f l a n k slumping remains uncertain.
I t is i m p o r t a n t t h a t e r u p t l o n p a t t e r n s of s u b a e r i a l v o l c a n o e s c h a n q e , p r o b a b l y i n r e s p o n s e t o c h a n g e s i n t h e m a q m a t i c plumbing system and that the plumbing system can be understood through study of t h e s u r f i c i a l l a v a flows.
A similar approach can be used t o s t u d y s u b m a r l n e v o l c a n o e s a n d v o l c a n i c r i f t s s u c h a o c e a n i c s p r e a d i n g c e n t e r s .
The Galapagos submarine r i f t zone. R e c e n t s t u d i e s show t h a t s u b m a r i n e r i f t z o n e s a r e i n some ways -______ similar t o K i l a u e a . An example is a segment of t h e Galapagos r l f t ( F i g u r e 5 ) . The r l f t is s i m i l a r i n w i d t h a n d are highly channelized and p r o b a b l y r e s u l t f r o m s u s t a i n e d e r u p t i o n s . S h e e t f l o w s a n d p l l l o w e d f l o w s t e n d t o d o m i n a t e d i f f e r e n t s e g m e n t s of t h e r i f t a t d i f f e r e n t times.
submarine magma plumbing system can be a n a l y z e d i n terms of e r u p t i o n p a t t e r n s u s i n g the morphology of l a v a f l o w s i n a manner a n a l o g o u s t o t h a t u s e d f o r K i l a u e a .
S p o r a d l c b r i e f e r u p t i o n s p r o b a b l y i n d i c a t e poorly developed plumbing systems, and sustained eruptions, well-developed plumbina systems. Lons-term c h a n a e s i n e r u p t i v e b e h a v i o r i n d i c a t e t h a t t h e s e plumblng systems evolve through time and space j u s t l i k e t h a t of K i l a u e a . These similarities t o K i l a u e a s u g g e s t t h a t I t s h o u l d be a d d e d , h o w e v e r , t h a t t h e s u b a e r i a l and submarlne r i f t s may n o t be s i m i l a r i n a l l r e s p e c t s . F i g u r e 4 i s a n I l l u s t r a t i o n of t h e g e n e r a l k i n d s of c h a n g e s t h a t nay o c c u r ; t h e a c t u a l c h a n g e s may be v e r y d i f f e r e n t . C a l d e r a s , f o r e x a m p l e , may n o t be p r e s e n t a l o n g t h e s u b m a r i n e r i f t s , and l i t t l e l a t e r a l t r a n s p o r t may o c c u r w i t h i n t h e l r p l u m b i n g s y s t e m s . N e v e r t h e l e s s , t h e e x i s t e n c e of s u c h e r u p t i o n p a t t e r n s p o l n t s t o t h e o c c u r r e n c e of m t e r p r e t a b l e p r o c e s s e s o c c u r r i n g w i t h i n t h e p l u m b i n g s y s t e m s . An u n d e r s t a n d l n g of those processes should be of g r e a t v a l u e i n t h e s t u d y of submarine hydrothermal systems. U e t a i l e d s t u d y of s u b m a r i n e p a t t e r n s The s i m i l a r i t y of s u b a e r i a l r i f t s l i k e K i l a u e a t o submarine r i f t s l i k e t h e Galapagos r i f t s u g g e s t s t h a t both should be amenable t o t h e same t y p e of s t u d y .
Ke have l i t t l e d o u b t t h a t a g r e a t d e a l w i l l be l e a r n e d a b o u t s u b m a r l n e r i f t s u s i n g methods applied t o Kilauea. This work w i l l r e q u i r e t h r e e d i f f e r e n t a c t i v i t i e s : 1 ) d a t i n g of flows, 2) mapping flow morphology, and 3 ) r e f i n i n g o u r u n d e r s t a n d i n g o f submarine flow morphology.
The most promising method t o a c c u r a t e l y a n d p r e c l s e l y d e t e r m i n e the a g e s of lava flows is t h e paleomagnetic method based on t h e s e c u l a r v a r i a t i o n o f t h e e a r t h ' s m a g n e t i c f i e l d . R e l i a b l e h i s t o r i e s of s e c u l a r v a r i a t i o n e i t h e r e x i s t o r w i l l be a v a l l a b l e i n t h e n e a r f u t u r e f o r s e v e r a l areas of p a r t i c u l a r i n t e r e s t i n c l u d i n g Hawaii, the Galapagos, Mexico, and t h e P a c i f i c N o r t h w e s t .
The barrier t o u s i n g t h i s method is t e c h n o l o g i c a l .
W e c u r r e n t l y h a v e no way of c o l l e c t i n g p r e c i s e l y o r i e n t e d r o c k s a m p l e s i n t h e submarine environment.
I t is e s s e n t i a l t h a t 6 t o 15 samples be collected from each s i t e on a g i v e n l a v a f l o w , e a c h c o r e o r i e n t e d t o w i t h i n a n a c c u r a c y of one Though i n g e n e r a l p i l l o w e d f l o w s a p p e a r t o be a n a l o g o u s t o h i g h l y c h a n n e l i z e d t u b e -f e d p a h o e h o e , p i l l o w s a l s o o c c u r i n o t h e r s i t u a t i o n s s u c h a s a l o n g t h e s t a g n a t i n g m a r g i n s of s h e e t f l o w s and a l o n g f i s s u r e v e n t s a s t h e e r u p t i o n s wane. E v i d e n t a l l y t h e o c c u r r e n c e of p i l l o w s is n o t r e s t r i c t e d t o t h e d i s t a l e n d s o f l o n g d i s t r i b u t a r y l a v a -t u b e systems. W e must l e a r n t o r e c o g n i z e t h e p i l l o w s formed i n d i f f e r e n t s e t t i n g s so t h a t we c a n c o r r e c t l y i n t e r p r e t t h e e r u p t i v e b e h a v i o r .
We have more t o l e a r n a b o u t t h e ponding and subsidence of submarine lava lakes, the t r a n s i t i o n from sheet flows to rough-surfaced flows ( p r o b a b l y a n a l o g o u s t o the t r a n s i t i o n of s u b a e r i a l pahoehoe t o a a ) , and the submarine eruptive fissures. N o open e r u p t i v e f i s s u r e s have been observed in the submarine environment. Problems such as t h e s e w i l l r e q u i r e c a r e f u l d e t a i l e d s t u d i e s of s e l e c t e d s i t e s i n a d d i t i o n t o t h e b r o a d e r -s c a l e camera s u r v e y s .
